IL-1 mediates ERK activation and the expression of matrix metalloproteinases (MMPs), critical molecules mediating matrix degradation that are up-regulated in inflammatory lesions (1) . In fibroblasts and chondrocytes, sequestration of the upstream IL-1 signaling machinery to focal adhesions is required for activation of the MAP kinase ERK and MMP expression (2) (3) (4) (5) . Focal adhesions are enriched with IL-1 receptors (6), the IL-1 receptor-associated protein, and the IL-1 receptor associated kinase (7) , all of which are essential for IL-1 signaling. Further, focal adhesions contain a large number of integrins (8) . These cell-surface receptors coordinate cellular responses to soluble cytokines like IL-1 and bind extracellular matrix proteins. Notably, several signaling pathways can regulate cell adhesion by altering the affinity and avidity of integrins for matrix proteins (9) . Conversely, a number of signaling processes can be modulated by proteins in adhesionrelated signaling platforms (10, 11) .
The Ras family of small G proteins are central components of the canonical Ras/Raf/MEK/ERK signaling pathway (12) . Accordingly, Ras family proteins, and their effect on ERK, are expected to provide a crucial link between IL-1 binding to cell-surface receptors and downstream outcomes, such as enhanced MMP expression (13) . Cell adhesion to the extracellular matrix triggers biochemical signals that are regulated by integrins (14) . Integrin engagement independent of cytokine stimulation can activate MAP kinase cascades that may regulate cell proliferation, adhesion, and migration. Notably, adhesion-dependent activation of ERK2 in serum-starved NIH3T3 cells is preceded by Ras activation; inhibition of Ras by expression of N17Ras blocks adhesion-dependent activation of ERK without affecting cell adhesion, spreading, or focal contact and stress fiber formation (15) . Thus, integrindependent activation of the MAP kinase pathway may be Ras dependent, while the integrin-induced activation of adhesion processes may be Ras independent.
Several studies have explored the role of Ras family proteins in controlling cellular adhesive functions mediated by integrins (16) . In some experimental systems, specific members of the Ras family of small GTPases and their associated effectors may either enhance or inhibit integrin function (17) (18) (19) . For example, activated H-Ras can inhibit ␤1-and ␤3-integrin activation in fibroblasts through its effector, Raf-1 (17) . In contrast, R-Ras and Rap1 can enhance ␤1-integrin activation (18, 20 -22) . The mechanisms by which Ras family proteins regulate integrin-mediated adhesion is not well defined but may be determined by a variety of factors, including integrin-regulating domains in Ras proteins (e.g., H-Ras (23) . Further, while Ras can function on peripheral plasma membranes (24) , Ras can also localize to endomembranes, such as the endoplasmic reticulum (ER) and the Golgi complex, where it is functional and can engage downstream effectors (25, 26) . Thus, the function of specific Ras family members can be affected by selective membrane targeting and associated signaling systems (27, 28) . In addition, small pools of ERK, acting at discrete subcellular locations, can also regulate Ras regulation of integrin function (23) .
In view of the potential for Ras recruitment to cellular microdomains, where it could then provide spatially specific signaling (29, 30) , we considered that in the context of focal adhesion restriction of IL-1 signaling, Ras family members may selectively localize to focal adhesions. At these sites, in response to IL-1, Ras may then enable activation of the canonical Ras/ Raf/MEK/ERK pathway. Accordingly, we examined the role of H-, K-, and N-Ras in the formation of focal adhesions and how focal adhesions may themselves regulate Ras localization and activity in response to IL-1.
MATERIALS AND METHODS

Reagents and antibodies
Poly-l-lysine, bovine serum albumin (BSA), and mouse monoclonal antibody to vinculin were obtained from Sigma (St. Louis, MO, USA). Mouse monoclonal antibodies to H-Ras (F235), N-Ras (F155), and R-Ras (C-8); rabbit polyclonal antibodies to K-Ras (C-19), Ras-GRF1 (C-20), GFP (FL) and HA-probe (Y-11); goat polyclonal antibody to Ras-GRF2 (C-20); siRNA control, siRNA H-Ras, siRNA K-Ras, siRNA N-Ras, siRNA R-Ras, siRNA Ras-GRF1 and siRNA Ras-GRF2; wholecell lysates from Hela cells; and mouse brain extract were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Rabbit polyclonal p44/42 MAPK and mouse monoclonal phospho-p44/42 MAPK were purchased from Cell Signaling (Beverly, MA, USA). Mouse monoclonal antibody to calnexin and rat antibody to mouse CD29 (clone 9EG7) were obtained from BD Biosciences (Mississauga, ON, Canada). Goat antibodies to mouse integrin ␣5␤1 were purchased from Chemicon (Temecula, CA, USA). FuGene 6 Transfection Reagent was purchased from Roche (Manheim, Germany). DharmaFECT 1 Transfection Reagent was purchased from Thermo Fisher Scientific (Lafayette, CO, USA). Glutathione Sepharose 4B was purchased from GE Healthcare (Baie D'Urfe, Quebec, QC, Canada). Acidified bovine type I collagen (Vitrogen) was purchased from Cohesion Technologies Inc. (Palo Alto, CA, USA). Recombinant human IL-1␤ and mouse monoclonal antibody to mouse MMP3 were obtained from R&D Systems (Minneapolis, MN, USA).
Cell culture, DNA constructs, and transfection
Human gingival fibroblasts (HGFs; third to eighth passage) were cultured in minimal essential medium (␣-MEM) containing 10% fetal bovine serum. NIH 3T3 fibroblasts were grown in DMEM containing 10% calf serum. Chinese hamster ovary (CHO)-K1 cells were maintained in 50% DMED and 50% F12 containing 10% fetal bovine serum. These culture media also contained 0.17% w/v penicillin V and 0.01 g/ml amphotericin B.
GFP-H-Ras, GFP-K-Ras, and GFP-N-Ras, which encode GFP fusion proteins of H-Ras, K-Ras, and N-Ras, respectively, were produced as described previously (31) . Constructs encoding dominant-negative (DN) mutant of H-Ras 17N and K-Ras 3E were gifts from Sergio Grinstein (Hospital for Sick Children, Toronto, ON, Canada) and Andras Kapus (St. Michael's Hospital, Toronto, ON, Canada), respectively. Constitutively active, CFP-tagged (Q61L) H-Ras, K-Ras or N-Ras (32, 33) were gifts from Tobias Meyer (Stanford University, Palo Alto, CA, USA). . Transfections were performed with FuGene 6 (Roche Applied Science) according to the manufacturer's instructions. For 3T3 cells, as assessed by fluorescence microscopy of cotransfected GFP-expressing plasmids, transfection efficiencies were in the range of 70 -90%. For single-plasmid transfection, 1.5-2.0 g of cDNA with 5 l of FuGene6 were used. For transfection of two constructs, 1.5 g of each plasmid and 7 l of FuGene6 were used. siRNA transfections were conducted by using DharmaFECT 1 (Thermo Fisher Scientific) according to the manufacturer's protocol. A bacterially expressed RasGTP-binding domain of Raf1 (RBD) fused to GST was a gift from Daniela Rotin (Hospital for Sick Children, Toronto, ON, Canada).
For generation of stable cell lines, NIH 3T3 fibroblasts plated at 2.5 ϫ 10 5 /60-mm dish the day before use were transfected as described above with 1.5-2.0 g of each Ras-expressing constructed. After 48 h, cells were transferred into complete medium with selection (750 g/ml G418) and fed every other day with fresh selection medium. Colonies appeared after 2 wk, and 50 -60 colonies of each cell line were pooled for use. Protein expression was confirmed by SDS-PAGE.
Isolation of focal adhesions
Cells were grown to 80 -90% confluence on 60-mm tissue culture dishes and were cooled to 4°C prior to the addition of collagen-coated or BSA-coated magnetite beads. Focal adhesion complexes were isolated from cells after specific incubation time periods, as described previously (5) . In brief, cells were washed 3 times with ice-cold PBS to remove unbound beads and scraped into ice-cold cytoskeleton extraction buffer (CKSB; 0.5% Triton X-100, 50 mM NaCl, 300 mM sucrose, 3 mM MgCl 2 , 20 g/ml aprotinin, 1 g/ml leupeptin, 1 g/ml pepstatin, 1 mM phenylmethylsulfonyl fluoride, and 10 mM PIPES, pH 6.8). The cell-bead suspension was sonicated for 10 s (output setting 3, power 15% Branson), and the beads were isolated from the lysate using a magnetic separation stand. The beads were resuspended in fresh ice-cold CKSB, homogenized with a Dounce homogenizer (20 strokes) and reisolated magnetically. The beads were washed in CSKB, sedimented with a microcentrifuge, resuspended in Laemmli sample buffer, and placed in a boiling water bath for 10 min to allow the collagen-associated complexes to dissociate from the beads. The beads were sedimented and lysates were collected for analysis. Beads bound to cells were counted electronically to normalize bead-associated proteins.
Subcellular fractionation
For examination of ER-fraction proteins, cells were harvested, resuspended in an isotonic buffer (10 mM Tris, pH 7.6; 100 mM CaCl 2 ; and 200 mM sucrose) and disrupted by Dounce homogenization followed by 20 strokes. The homogenate was centrifuged at 800 g for 10 min. The supernatant was recovered and further centrifuged for 10 min at 8000 g. The resulting supernatant was centrifuged for 1.5 h at 28,000 g, and the resulting pellet constituted the microsomal, ERenriched fraction. The authenticity of this putative ER fraction was confirmed by immunoblotting for the ER-specific protein calnexin.
Immunoprecipitation and immunoblotting
Cells were lysed in RIPA buffer (50 mM HEPES, pH 7.4; 1% deoxycholate; 1% Triton X-100; 0.1% SDS; 150 mM NaCl; 1 mM EDTA; and 1 mM Na3VO4) containing 1 mM PMSF, 10 g/ml leupeptin and 10 g/ml aprotinin. Equal amounts of protein from cleared extracts were subjected to standard immunoprecipitation procedures. For immunoblotting, the protein concentrations of cell lysates were determined by Bradford assay (Bio-Rad, Hercules, CA, USA). Equal amounts of protein were loaded onto SDS-polyacrylamide gels, resolved by electrophoresis, and transferred to nitrocellulose membranes. Membranes were incubated for 1 h at room temperature in Tris-buffered saline solution with 5% milk or 0.2% BSA to block nonspecific binding sites. Membranes were incubated with the primary antibodies overnight at 4°C in Tris-buffered saline with 0.1% Tween-20. Horseradish peroxidase secondary antibodies were incubated for 1 h at room temperature in Tris-buffered saline with 0.1% Tween-20 and 5% milk or 0.2% BSA. Labeled proteins were visualized by chemiluminescence as per the manufacturer's instructions (Amersham, Oakville, ON, Canada), and the relative amounts of protein under specific experimental conditions was assessed by densitometry of blots and by normalization of blot densities to internal standards.
Ras activation assay
Affinity precipitation of Ras-GTP was performed as described previously (35) . Briefly, GST-RBD was induced in the BL21 E. coli strain using 1 mM isopropyl-␤-d-thiogalactoside for 3 h at 37°C. After expression and pelleting, bacteria were resuspended in lysis buffer (for 500 ml lysis buffer: 10 ml 1 M Tris, pH 8.0; 15 ml 5 M NaCl; and 1 ml 0.5 M EDTA). The lysate was sonicated on ice 6 times for 1 min, and the supernatant was cleared by centrifugation. The lysate was supplemented with 0.5% Nonidet P-40 and incubated with glutathioneagarose beads at room temperature for 1 h or 4°C overnight with rocking. The beads were isolated by centrifugation and washed 2-3 times with RIPA buffer, then resuspended in sample buffer (10% glycerol; 60 mM Tris, pH 6.8; 2% SDS; and 300 mM ␤-mercaptoethanol). Protein samples were analyzed by immunoblotting, and Ras was detected with Ras antibodies.
Fluorescence microscopy
Chamber slides (2 and 4 well; Lab-Tek; Nunc, Roskilde, Denmark) were coated with poly-l-lysine (100 g/ml in PBS) and collagen-or BSA-coated latex microbeads (2 m diameter). GFP-Ras-or the ER-specific protein (YFP-calnexin)-transfected cells were plated for 3-6 h at 37°C in normal medium, then stimulated with vehicle or with IL-1 (20 ng/ml for 30 min). Living cells were examined with a Nikon 300 inverted fluorescence microscope equipped with Nomarski optics and a CCD camera (Nikon, Tokyo, Japan).
Confocal imaging
NIH 3T3 cells were plated in 35-mm glass-bottom microwell dishes (MatTek Corp., Ashland, MA, USA) and transiently transfected with GFP-H-Ras, K-Ras or N-Ras, respectively. After transfection (24 -48 h), cells were serum starved for 10 -12 h at 37°C, then stimulated with vehicle or with IL-1 (20 ng/ml for 30 min). Living cells were imaged with a Leica TCS SP2 confocal microscope using conventional laser excitation lines and filter sets (Leica Microsystems, Wetzlar, Germany).
Total internal reflection fluorescence (TIRF) microscopy
NIH 3T3 cells were plated in 35-mm glass-bottom microwell dishes (MatTek) and transiently transfected with various Ras constructs. After transfection (24 -48 h), cells were serum starved for 10 -12 h at 37°C and stimulated without or with IL-1 (20 ng/ml for 30 min). Cells were fixed (3.7% paraformaldehyde in PBS for 10 min at room temperature), blocked, and permeabilized in PBS with 0.2% Triton X-100 for 15 min at room temperature. Antibodies were diluted in PBS with 1.0% BSA. Immunofluorescence staining was performed with mouse anti-vinculin antibody (1:100) or mouse anti-␤1-integrin (1:100) for 1 h at 37°C. Dishes were washed with PBS, incubated with goat anti-mouse FITC or TRITC-conjugated antibody for 1 h, and washed. The dishes were viewed by TIRF microscopy (LAS AF; Leica).
Experimental design and analysis
All experiments were repeated Ն3 times on different days using different batches of cells. The data shown are representative examples of these experiments. For numerical data, means Ϯ se were calculated, and, when appropriate, Student's t test was used to compare 2 groups or ANOVA for Ն3 groups. Statistical significance was set at P Ͻ 0.05.
RESULTS
Ras involvement in IL-1 signaling
We examined the relative expression levels of endogenous H-, K-, N-, and R-Ras in CHO cells, NIH 3T3 cells, and HGFs. The K-and N-Ras isoforms were expressed at equivalent levels in the different cell types, while R-Ras was expressed at 3-fold lower levels in 3T3 cells (PϽ0.01) and HGFs compared to CHO cells. K-Ras was expressed at a lower level in CHO cells compared to 3T3 cells and HGFs (PϽ0.01; Fig. 1A ). We determined whether Ras is activated in NIH 3T3 fibroblasts and HGFs with a GST-RBD fusion protein, which selectively precipitates the activated form of Ras that can then be quantified by immunoblotting (35) . All three endogenously expressed Ras isoforms (H, K, and N) were activated by IL-1 stimulation in both NIH 3T3 cells and HGFs (Ͼ5-fold increased ratio by densitometry; PϽ0.01; Fig. 1B ), indicating that Ras is likely involved in IL-1 signaling.
As our previous data indicated that IL-1 signaling to ERK required intact focal adhesions (3), we examined whether IL-1 activation of Ras required the formation of focal adhesions. HGFs were plated on fibronectin-or poly-l-lysine-coated substrates and stimulated with IL-1, and Ras activation was measured. Similar to ERK activation (3), IL-1-induced activation of H-, K-, and N-Ras required the a priori formation of focal adhesions, since no increased activity of any of the Ras family members was found in cells plated on poly-l-lysine (Fig. 1C) . In contrast to cells plated on fibronectin or collagen, cells plated on poly-l-lysine are unable to form vinculincontaining focal adhesions (Fig. 1C) .
We investigated whether Ras activity was required for IL-1-induced ERK activation in NIH 3T3 cells by expressing a DN H-Ras (H-Ras 17N) or K-Ras (K-Ras 3E). Both H-Ras 17N and K-Ras 3E substantially diminished ERK phosphorylation after IL-1 treatment ( Fig. 2A; no increase of active ERK after IL-1), indicating that H-and K-Ras are involved in the signaling pathway by which IL-1 activates ERK.
As R-Ras has been implicated in activation of integrins (18) and therefore may affect focal adhesion formation, we evaluated the importance of R-Ras on IL-1-induced ERK activation. Although R-Ras was expressed at low levels in 3T3 cells and HGFs, we knocked down endogenous R-Ras in the 3T3 cells to very low levels (Ͻ5% of controls) and then examined IL-1-induced ERK activa- Whole-cell lysates were immunoblotted with anti-H-, K-, N-, or RRas antibodies, respectively. Wholecell lysates from same experiment were probed for GAPDH as loading controls. Fraction of H-, K-, N-, and R-Ras was calculated from the ratio of each isoform Ras and GAPDH, respectively. B) IL-1-induced Ras activation. NIH 3T3 fibroblasts and HGFs were serum starved for 12 h and stimulated without (Ϫ) or with (ϩ) IL-1 (20 ng/ml) for 30 min, followed by Ras-GTP pulldown and immunoblotting analysis. Cells were lysed and incubated with immobilized GST-Raf1-RBD (Raf-RBD) to precipitate active (GTP-bound) Ras. Ras-GTP was detected with anti-H-, K-, or N-Ras antibodies, respectively (top panels); amounts of total Ras are shown (bottom panels). Fraction of H-, K-, or N-Ras-GTP was calculated from the ratio of each Ras-GTP and total Ras. C) Ras activities in IL-1-stimulated HGFs plated on collagen or poly-l-lysine. Cells were plated on one of the two substrata-coated dishes for 6 h before the addition of IL-1 (20 ng/ml) for 30 min, followed by Ras-GTP pulldown and immunoblotting and quantitative analysis, as described in B. Cells were plated on either collagen or poly-l-lysine in normal medium for 6 h, then immunostained for vinculin.
tion. Knockdown of R-Ras by siRNA (Fig. 2B) did not alter IL-1-induced ERK activation (PϾ0.2 of R-Ras knockdown compared to siRNA controls by densitometry).
Active Ras drives focal adhesion maturation
We determined the importance of active Ras in focal adhesion formation. NIH 3T3 fibroblasts were transfected with empty vector or constitutively active (Q61L) N-, H-, K-, or N-Ras that was CFP tagged. After spreading for 1-12 h on collagen, cells were immunostained for vinculin as a marker of focal adhesions, and the cells that exhibited the CFP tag were imaged by TIRF and analyzed. For all cell groups, the number of focal adhesions and the length of focal adhesions in the cell periphery increased over time from plating (PϽ0.05; Fig. 3 ). Compared with empty Lysates were separated by SDS-PAGE, transferred to nitrocellulose membranes, and probed with antibodies to phospho-ERK and total-ERK. ERK activation detected with anti-phospho-ERK antibody was normalized. Fraction of phosphorylated ERK (P-ERK) was calculated from the ratio of phospho-ERK and total ERK. Lysates of untransfected and transfected cells were immunoblotted for H-, K-, and N-Ras to check the endogenous Ras protein expression levels. B) NIH 3T3 fibroblasts were transfected with siRNA control or siRNA R-Ras, respectively. At 24 -48 h after transfection, cells were serum starved overnight, then treated without or with IL-1 (20 ng/ml) for 30 min. Cells were lysed and subjected to SDS-PAGE and immunoblotting analysis with phospho-ERK and total ERK antibodies. Levels of phospho-ERK were quantified as in A. Results of 3 independent experiments were averaged; values represent mean Ϯ se density (nϭ3). Lysates of siRNA control-and siRNA R-Ras-transfected cells were immunoblotted for R-Ras to confirm the knockdown of R-Ras.
vector-transfected cells, cells expressing constitutively active H-, K-, or N-Ras exhibited more abundant and longer vinculin-stained focal adhesions at many of the time intervals that were analyzed. A significant increase (PϽ0.05) in the number of focal adhesions was observed 6 h after plating in cells expressing each of the active Ras isoforms in transfected cells compared to controls, and a Ͼ40% increase in the length of the focal adhesions was measured 12 h after plating. Notably, the kinetics of focal adhesion formation after transfection with the various Ras isoforms differed: cells transfected with H-and K-Ras isoforms exhibited progressive increases in the number of focal adhesions up to 6 h after plating, while cells transfected with H-and K-Ras showed reduced numbers of focal adhesions at 12 h compared to 6 h. In contrast, cells transfected with N-Ras showed increased numbers of focal adhesions at 1 and 3 h but no increase thereafter. These findings indicated that constitutively active Ras may drive maturation and dynamic remodeling of focal adhesions in conjunction with signals from integrins and that Ras isoform specificity is involved in these processes.
To quantify these changes more accurately, a similar type of TIRF microscopic analysis was conducted to assess the influence of Ras on ␤1-integrin activation. (36) , and the cells that exhibited the CFP tag were analyzed by TIRF microscopy. After subtraction of background fluorescence measurements of nonspecific staining that were obtained with cells incubated with an irrelevant antibody, cells with fluorescence staining intensity Ͼ20 fluorescence units/cell were analyzed, and the number of positive pixels per cell was computed (Fig. 4) . These data showed that at 6 and 12 h after plating, transfection of cells with active H-, K-, or N-Ras increased the staining intensity of active ␤1 integrins in focal adhesions by Ͼ2-fold compared to controls. Thus, N-Ras in particular may regulate activation of ␤1 integrins and the size of focal adhesions at later stages after plating (compare Figs. 3C and 4B ), while K-and H-Ras regulate ␤1-integrin activation and the formation and size of focal adhesions at later stages after plating.
Intracellular distribution of Ras in response to IL-1
Expression of GFP-Ras proteins enabled us to perform dynamic studies on living cells. We analyzed whether Ras is recruited to the plasma membrane after IL-1 stimulation. NIH 3T3 fibroblasts were transfected with GFP-tagged wild-type H-, K-, or N-Ras constructs. By live-cell imaging and line scans, we found that at 30 min after IL-1-stimulation, transfected cells exhibited marked recruitment of fluorescence-tagged Ras proteins to the plasma membrane at discrete sites, which was most prominent with H-Ras and least prominent with N-Ras ( Fig. 5 ; PϽ05 for all Ras proteins). Ras is not only enriched in the plasma membrane but is also present in juxtanuclear compartments, including the ER or the Golgi complex, where it is associated with activation of specific downstream pathways (25, 26) . We examined the potential for Ras recruitment to focal adhesions under the influence of IL-1. NIH 3T3 fibroblasts were transfected with GFP-tagged H-, K-, or N-Ras constructs. Transfected cells were replated on poly-llysine-coated coverslips on which either collagen or BSA-coated microbeads had been previously attached (37) , and cells were incubated with vehicle or with IL-1. As assessed by line scanning across the bead diameter, under these conditions, the fluorescence intensity of Ras proteins around collagen beads was not detectably increased in vehicle-treated cells. After IL-1 treatment, the fluorescence intensity of GFP-tagged H-, K-, and N-Ras around collagen but not around BSA-coated beads was enhanced by IL-1 treatment (Fig. 6) , indicat- ing that IL-1 stimulates Ras association with focal adhesions. Notably, in control experiments (15-120 min), we followed Ras protein recruitment to collagen bead sites in the absence of IL-1 but found only very small enrichment of Ras around the beads.
We examined the spatial colocalization of Ras with focal adhesions in NIH 3T3 fibroblasts that were transiently transfected with GFP-tagged H-, K-, or N-Ras constructs and plated on collagen-coated glass. Cells were treated with vehicle or with IL-1 for 30 min, immunostained for vinculin, and imaged by TIRF microscopy. The extent of colocalization of GFP-Ras and vinculin was quantified with Pearson's correlation coefficient using ImageJ (38) . These data showed that IL-1 strongly increased the extent of colocalization of the Ras isoforms with vinculin (by Ͼ10-fold; PϽ0.001; Fig. 7A, B) . The observation that IL-1 promoted focal adhesion recruitment for all three Ras isoforms suggested that this enrichment is not reliant on the hypervariable region of Ras or on secondary anchors. Ras is anchored at the plasma membrane because of post-translational modifications involving the attach- ment of a farnesyl isoprenoid to a conserved cysteine residue (cysteine 186 in H-Ras), which is located within the CAAX box (39) . Mutation of the CAAX cysteine inhibits both Ras farnesylation and membrane association; Ras protein therefore remains unprocessed in the cytoplasm and does not translocate to the membrane for activation. In cells transfected with His-tagged H-Ras(C186S) (34), we found that H-Ras did not sequester in focal adhesions (Fig. 7C) .
IL-1 stimulates the association of focal adhesions with the ER (37), which is dependent in part on the binding of IP3 receptor 1 to PTP␣ (5) and which is required for IL-1-induced ERK activation. We examined colocalization of Ras isoforms with focal adhesions and the ER. NIH 3T3 fibroblasts were singly transfected with GFP-tagged H-, K-, or N-Ras or YFP-tagged calnexin. Transfected cells were replated on poly-l-lysinecoated coverslips on which either collagen or BSAcoated microbeads had been previously attached. There was close spatial localization of the 3 Ras isoforms and the ER protein calnexin with collagencoated beads but not with BSA-coated beads after IL-1 treatment (Fig. 8A) .
We examined the association of Ras with ER and with focal adhesions by immunoblotting of specific cellular fractions (5, 40) . In these experiments, NIH 3T3 cells were transfected with GFP-tagged H-, K-, and N-Ras. The relative purity of the ER fractions was evaluated by immunoblotting equal amounts of protein for the ER lectin calnexin; the focal adhesion fractions were evaluated by immunoblotting equal amounts of collagen-coated beadassociated proteins for ␣5␤1 integrin. We assessed recruitment of transfected Ras to specific fractions by immunoblotting with GFP antibody (Fig. 8B) . In both ER and focal adhesion-associated fractions, IL-1 enhanced recruitment of Ras to the ER and focal adhesions. These immunoblotting studies of transfected proteins were complemented by examination of endogenous ER proteins and focal adhesions (Fig.  8C) . IL-1 treatment enhanced accumulation of all three Ras isoforms in ER fractions and focal adhesions. Accordingly, the transfected and endogenous Ras proteins exhibited similar behavior in response to IL-1.
Influence of Ras on IL-1-induced focal adhesion formation
We examined the effect of Ras activation on IL-1-induced effects on focal adhesion formation. NIH 3T3 cells were plated on collagen, transfected with empty vector or with DN H-Ras 17N or K-Ras 3E, stimulated with vehicle or IL-1 for 3 min or 2 h, and then immunostained for vinculin. TIRF imaging of vinculin-stained focal adhesions was conducted, and the numbers of focal adhesions per cell and the lengths of focal adhesions were measured. There were fewer focal adhesions per cell in cells transfected with DN H or K-Ras ( Fig. 9A; PϽ0 .05) but IL-1 treatment did not affect the numbers of focal adhesions per cell in any of these groups after 30 min. In contrast, in control cells transfected with empty vector, IL-1 increased the length of focal adhesions ( Fig. 9A; PϽ0.01) ; IL-1 had no effect on focal adhesion length in cells that were transfected with DN H-or K-Ras. These data indicate that Ras may influence the ability of IL-1 to modulate the maturation but to a lesser extent the de novo formation of focal adhesions. We examined cells in an identical experimental design at 2 h after IL-1 treatment (Fig. 9B ). Under these experimental conditions, IL-1 treatment was able to overcome the inhibition of the DN H-or K-Ras for focal adhesion number but not for the length of peripheral focal adhesions, possibly because the other Ras isoforms could compensate and enable IL-1 to promote focal adhesion formation but were not able to compensate for the expansion of peripheral focal adhesion length.
As Ras can be recruited to the ER and initiate signals at the ER after certain stimuli (25, 26) , we examined the accumulation of Ras in ER fractions and focal adhesions as well as the effect of Ras inactivation by expressing DN H-Ras 17N or K-Ras 3E (Fig. 9C) . IL-1 treatment enhanced accumulation of endogenous H-and K-Ras in ER fractions and focal adhesion fractions in control, vectortransfected NIH 3T3 cells, but recruitment was substantially reduced in cells transfected with DN H-Ras or K-Ras.
We examined the potential effect of knockdown of endogenous Ras isoforms on IL-1-induced focal formation. Each of the Ras isoforms was depleted by siRNA (Fig. 10A) , and the numbers and length of vinculinstained focal adhesions were measured. These data showed that knockdown of each of the Ras isoforms reduced the number of focal adhesions and blocked IL-1-induced lengthening of the focal adhesions that were formed (Fig. 10B, C) .
The GTPase activity of Ras is dependent in part on GTPase exchange factors, such as Ras-GRF (41). We considered whether Ras-GRF1 and Ras-GRF2 may regulate Ras recruitment to focal adhesions in NIH3T3 cells. To examine this possibility, we first assessed the relative expression levels of Ras-GRF1 and Ras-GRF2 in Hela cells, mouse brain extracts, NIH3T3 cells, and mouse embryonic fibroblasts (Fig. 11A) . Both Ras-GRF1 and Ras-GRF2 were expressed in Hela, mouse brain, and NIH3T3 cells, but not in mouse embryonic fibroblasts. In ER and focal adhesion fractions prepared from NIH3T3 cells (10 min collagen bead binding time), there was abundant Ras-GRF1 and Ras-GRF2, which was unchanged after an additional 30 min of IL-1 treatment (Fig. 11B) . As evaluated by immunoprecipitation and quantification of immunoblots, IL-1 treatment of cells for 20 min (prior to the time of IL-1-induced Ras activation shown in Fig. 1B) , there was enhanced association of N-, H-, and K-Ras with Ras-GRF1 or Ras-GRF2 (Fig. 11C) .
We next evaluated the kinetics of Ras-GRF1, Ras-GRF2, and activated Ras proteins to focal adhesion fractions after IL-1 treatment. Focal adhesion proteins were prepared 15 min after the addition of IL-1 or vehicle. At 0 min after addition of IL-1 (15 min after incubation with collagen beads), there was very little Ras-GRF1, Ras-GRF2, or activated Ras isoforms (Fig. 11D) . Within 5 min after addition of IL-1 (i.e., 20 min after addition of collagen beads), there was greatly increased abundance of Ras-GRF1 and Ras-GRF2. This increase preceded sharp elevations of activated Ras isoforms (15 min after addition of IL-1 and 30 min after addition of collagen beads). Notably, the activation of the Ras isoforms in focal adhesions appears to precede the overall activation of Ras observed in whole-cell lysates ( Fig. 1B; 30 min after addition of IL-1).
Finally, we examined whether knockdown of Ras-GRF1 and Ras-GRF2 by siRNA would affect the relative abundance of Ras isoforms in focal adhesion fractions. Knockdown of Ras-GRF1 or Ras-GRF2 reduced K-and N-Ras, and to a lesser extent H-Ras, in focal adhesion fractions (Fig. 11E) . Notably, knockdown of Ras-GRF1 reduced K-and N-Ras recruitment to focal adhesions by 5-fold (by densitometry).
DISCUSSION
The Ras-ERK pathway can manifest as spatially sequestered signaling systems in several different cell types (30) . Ras proteins localize to a variety of plasma membrane microdomains and endomembranes (26, 29) where sitespecific regulatory mechanisms enable distinctive engagement of effector pathways and promotion of genetic programs, thereby generating a wide variety of biological responses. Our main finding is that IL-1 promotes Ras targeting to focal adhesions and focal adhesion maturation, which together enable IL-1-induced signaling to ERK in fibroblasts. This targeting process is dependent in part on Ras-GRF1 and Ras-GRF2, proteins that are constitutively enriched in focal adhesion fractions. Although previous reports have shown an important role for R-Ras in adhesion-dependent processes (18, 28, (42) (43) (44) , our data show that, at least for the cells studied here, R-Ras does not play a significant role in IL-1-induced ERK activation. Consequently, we have focused on N-, H-, and K-Ras in IL-1 signaling through focal adhesions.
Conceivably, the concentration of Ras family members in focal adhesions in response to IL-1 provides a mechanism by which site-specific ERK activation can be tightly Lysates were immunoblotted with anti-Ras-GRF1 or anti-Ras-GRF2 antibodies. Lysates from the same experiment were immunoblotted for GAPDH as a loading control. B) Whole-cell lysates, ER fractions, and focal adhesion proteins prepared from NIH 3T3 fibroblasts were immunoblotted for endogenous Ras-GRF1 or Ras-GRF2, following treatment without (Ϫ) or with (ϩ) IL-1 (20 ng/ml) for 30 min. For loading controls, ER fractions were immunoblotted for calnexin; focal adhesion proteins were immunoblotted for ␣5␤1 integrin. C) Cells were stimulated without or with IL-1 (20 ng/ml) for 20 min, as indicated. Ras-GRF1 or Ras-GRF2 was immunoprecipitated (IP) from whole-cell lysates. Immunoprecipitates were separated by SDS-PAGE, transferred to nitrocellulose membranes, and immunoblotted with antibodies for H-, K-, or N-Ras, Ras-GRF1, or Ras-GRF2. Whole-cell lysates and immunoprecipitates were also immunoblotted with GAPDH antibody. Relative abundance of H-, K-, and N-Ras was calculated from the ratio of each Ras and Ras-GRF1 or Ras-GRF2, respectively. D) NIH 3T3 fibroblasts were stimulated with IL-1 (20 ng/ml) for 0, 5, 15, 30, and 45 min. Focal adhesion proteins were prepared 15 min after the addition of IL-1, separated by SDS-PAGE, transferred to nitrocellulose membranes, and then probed with antibodies to Ras-GRF1, Ras-GRF2, and H-, K-, and N-Ras. Confirmation of the authenticity of focal adhesion proteins was assessed by immunoblotting for ␣5␤1 integrin. E) NIH 3T3 fibroblasts were transfected with siRNA control, siRNA Ras-GRF1, or siRNA Ras-GRF2, then treated without or with IL-1 (20 ng/ml for 30 min). Focal adhesion proteins were separated by SDS-PAGE, transferred to nitrocellulose membranes, and probed with antibodies to H-, K-, and N-Ras. Focal adhesion proteins were immunoblotted for ␣5␤1 integrin. Lysates were immunoblotted for Ras-GRF1 or Ras-GRF2 to confirm the efficacy of knockdown of Ras-GRF1 or Ras-GRF2. regulated in space, as has been suggested for ERK (45, 46) and other signaling systems (47) (48) (49) . Our finding of constitutively abundant Ras-GRF1 and Ras-GRF2 in focal adhesion fractions and the association of these exchange factors with the Ras family proteins (as assessed by immunoprecipitation) suggests an important control system by which N-, K-, and H-Ras regulate focal adhesion-dependent signaling. Since Ras-GRF1 and Ras-GRF2 associate with and activate Ras family proteins (41) , the interaction of exchange factors like Ras-GRF with Ras proteins provides a mechanism for spatial sequestration of these signaling molecules to focal adhesions.
The role of Ras in mediating ERK activation has been described in detail (10) , and previous studies have described the importance of Ras in regulating integrin function (16, 17, (20) (21) (22) (23) . By comparing cells plated on collagen or polyl-lysine (which prevents focal adhesion formation; ref.
2), we found that the formation of focal adhesions was required for Ras activation in response to IL-1 stimuli. Therefore focal adhesions may be spatially restricted loci for Ras sequestration in response to IL-1. Previous studies have shown that focal adhesions are enriched with the IL-1 type 1 signaling receptor (6), the IL-1 receptor accessory protein (7), the IL-1 receptor-associated kinase (7), SHP-2 (50), src, and PTP-␣ (5), all of which are essential for IL-1-induced activation of ERK. Our microscopic analyses of transfected cells and immunoblotting data of endogenous and transfected Ras proteins in cell fractions demonstrate that focal adhesions are also enriched with N-, K-, and H-Ras in response to IL-1 treatment. Further, we found that disruption of focal adhesions (by plating cells on poly-l-lysine to block focal adhesion formation) prevents IL-1 activation of Ras. Collectively these findings support the notion that focal adhesions are remarkably complex signaling platforms (11, 51) that provide sequestered environments for interacting proteins, including the components of the Ras/Raf/MEK/ERK pathway (46) .
The modulation of ligand binding affinity (or activation) is a central property of the integrin cell-adhesion receptors (9) and enables control of adhesion to matrix proteins. Previous studies of R-Ras (18, 21) and H-Ras (17, 23) have identified, respectively, up and down-regulation of cell adhesion by these Ras family members. Notably, the experiments described in these reports examined cells that were not stimulated by cytokines. As a result of our findings of focal adhesion dependence for IL-1 signaling to ERK and calcium in fibroblasts (3) and chondrocytes (4), we have examined focal adhesion numbers and length and ␤1-integrin activation (by neoepitope antibody; ref. 52) as measures of integrin function. We found that expression of active H-, N-, and K-Ras all enhanced these adhesion-related measures in IL-1-treated cells and that expression of DN H-and K-Ras blocked IL-1-induced increases of focal adhesion maturation as well as Ras family protein recruitment to focal adhesions. Therefore, in contrast to unstimulated cells in which H-Ras may mediate a negative feedback loop to control integrin function (17) , our data show that in response to IL-1, all H-, K-, and N-Ras promote integrin-induced focal adhesion maturation.
Notably, IL-1 signaling in fibroblasts is dependent on tight adhesion of cells to the matrix (2), which enables approximation of PTP-␣ in focal adhesions and the IP-3 type 1 receptor in the ER (40) , and the subsequent generation of appropriate downstream signals, including ERK activation and MMP-3 expression (5, 40) . In this context, we found that Ras was enriched in focal adhesions and ER fractions that were prepared biochemically. As Ras can function and activate ERK on endomembranes (25, 26) , it is conceivable that the localized concentration of these critical components of the Ras/Raf/MEK/ERK pathway at the junctions of focal adhesions with the ER enables a large-amplitude and temporally robust ERK response to IL-1. Further, while previous reports indicate an inhibitory effect of H-Ras on ␤1-integrin function (17, 23) , our data clearly indicate that, after IL-1 stimulation, adhesive function is enhanced, which may suggest a novel compensatory role for IL-1 in promoting cell adhesion and thereby enabling adhesion-dependent signaling systems to operate and maintain cell function in partially degraded extracellular matrices at inflamed sites. Notably, a recent report implicating Ras-GRF1 in MMP3 expression in arthritic lesions (53) and our in vitro data that demonstrate the importance of IL-1-induced signaling through focal adhesions for MMP3 expression (40), underline the clinical importance of Ras and focal adhesionrestricted signaling in inflammatory lesions.
